Wettability is an interesting subject which spans any discipline that takes into account any form of adhesion. As such, it is imperative to identify generic parameters that govern the wetting nature of materials. This paper details the use of CO 2 and KrF excimer lasers to modify the surface of nylon 6,6 in order to modulate the wettability characteristics. White light interferometery allowed one to establish that the surface roughness (Ra) was dramatically increased by up to 4.5 µm in comparison to the as-received sample. Using a sessile drop device it was determined for all samples that the polar component had a strong inverse relationship with the contact angle, θ. For the patterned samples an increase in θ indicated the likely formation of a mixed-state wetting regime and highlighted the significant influence of surface topography on θ. X-ray photoelectron spectroscopy determined that the surface oxygen content had increased by up to 5.7 %at. for all samples. Due to the highly modulated nature of θ over all samples it was concluded that surface oxygen content was not a dominant parameter; whereas the polar component and surface pattern were the most dominant parameters governing the wettability characteristics of the laser-surface-modified nylon 6,6.
Introduction
When considering the subject of hydrophilic surfaces and the wettability of materials the term 'wetting' is a fundamental phenomena that should always initially be taken into account. The understanding of the wetting of a surface by liquids leading to the spreading of those liquids over the surface can be seen to be a crucial factor that is incorporated within surface chemistry. The process of wetting has been recognized and researched for many years by many scientists; however, like many subjects within the scientific community the process is still not fully understood (1, 2) . Even though this process is still not fully understood, many breakthroughs have occurred in this subject area allowing for a more thorough understanding between the interactions of surfaces, interfaces and the biological environment. Leading on, various laser-based techniques for altering the wettability characteristics of numerous materials have been developed (2, 3) . It should also be noted here that various other methods have been developed such as the research carried out by Dumitrascu et al. (4) highlighting the possibility of using a pulsed dielectric barrier discharge (DBD) to modify the roughness of surfaces for various materials.
Previous work (5) (6) (7) has demonstrated the potential of using CO 2 and excimer lasers to modify the surfaces of polymeric materials. On account of this, this paper details a study into the surface modification of nylon 6,6 using CO 2 and excimer lasers in the endeavour to determine generic parameters governing the lasermodified wettability characteristics.
Experimental Technique

Nylon 6,6 Material
The nylon 6,6 (T m : 255°, ρ: 1.3 gcm -3 ) was sourced in 100 mm 2 sheets with a thickness of 5 mm (Goodfellow Cambridge, Ltd). To obtain a conveniently sized sample for experimentation the as-received nylon sheet was cut into 20 mm diameter discs using a 1 kW continuous wave (cw) CO 2 laser (Everlase S48; Coherent, Ltd).
CO 2 Laser-Induced Patterning
In order to generate the required marking pattern with the Synrad 10 W CO 2 laser system, Synrad Winmark software version 2.1.0, build 3468 was used. The software was capable of using images saved as .dxf files which can be produced by using CAD programs such as, in this case, Licom AutoCaM. The nylon 6,6 samples were placed into the laser system onto a stage in which they were held in place using a bracket with a 20.5 mm diameter hole cut into the centre of the bracket. The surface of the sample was set to be 250 mm away from the output facet of the laser system to obtain focus and the system employed a galvanometer scanner to scan the 95 μm spot size beam directly across the stationary target material. It should be noted that the target material and laser system was held in a laser safety cabinet in which the ambient gas was air and an extraction system was used to remove any fumes produced during laser processing.
There were four patterns induced onto the surfaces of the nylon 6,6 samples; were trenches with 50 μm spacing (CT50), hatch with 50 μm spacing (CH50), trenches with 100 μm spacing (CT50) and hatch with 100 μm spacing (CH100). In addition, an as-received control sample was used (A1). For each of the irradiated patterns the laser power was set to 70% (7 W) operating at 600 mms -1 .
CO 2 Laser Whole Area Irradiative Processing
A cw 100 W CO 2 laser (DLC; Spectron, Ltd) was used to scan a 5mm diameter beam across the target sample with one pass in order to irradiate the test area with an irradiance of 510 Wcm 2 . By using a galvanometer, scanning speeds of 150, 100, 75, 50, 25 and 20 mms -1 were employed to irradiate six samples with effective fluences of 16.84 (samples CWA17), 25.51 (sample CWA26), 34.18 ( sample CWA34), 51.02 (sample CWA51), 102.04 (sample CWA102) and 127.55 (sample CWA128) Jcm -2 , respectively. As with the laser-induced patterning experimentation the samples were held in place on a z-variable stage with the whole experiment being carried out in a laser safety cabinet with the ambient gas being air.
KrF Excimer Laser-Induced Patterning
For the patterned experiments the repetition rate was kept constant at 25 Hz, with a number of 10 pulses per site and used Aerotech CNC programming to induce the required pattern. A constant laser energy of 80±7 mJ was used with the attenuator set to 0.3 (30%) giving a measured energy at the target sample of 23.67±2.5 mJ, resulting in a fluence of 858±91 mJ/cm 2 . In order to induce the intended pattern a projection imaging system was implemented with a focusing lens of x10 demagnification. The patterns induced using this technique were 50 μm trench (ET50), 100 μm trench (ET100), 50 μm hatch (EH50 ) and 100 μm (EH100). Two non-contact masks were used for both dimensioned patterns which included a brass mask with six 1 mm diameter holes spaced by 2 mm, centre to centre, for the 100 μm dimensions and a SS316 foil (Laser Micromachining Ltd., UK) with five 0.5 mm diameter holes spaced by 1.5 mm, 'centre to centre', for the 50 μm dimensions. To keep the constant 10 pulses per site it should also be noted here that scanning velocities of 0.125 mms -1 and 0.25 mms -1 were used for the 50 µm and 100 µm dimensioned patterns, respectively.
No processing gases were used throughout the experimentation and all laser processing was carried out in an enclosure in which the ambient gas was air. Also, for all laser processing no homogonizer was implemented meaning that the raw beam was used which would have given rise to energy spikes pulse to pulse, having some possible effect on the incident laser fluence and laser material processing.
KrF Excimer Laser Whole Area Irradiative Processing
For the whole area processing with an excimer laser the raw 23 × 12 mm 2 beam was used to irradiate a large section of each sample at a time. In order to hold the sample normal to the beam a bracket on the optical train was used. For the large area processing experiments 6 samples where studied; these being 100 pulses at 100 mJ (EWA100), 100 pulses at 150 mJ (EWA150), 100 pulses at 200 mJ (EWA200), 100 pulses at 250 mJ (EWA250), 500 pulses at 250 mJ (EWA250_500) and 1000 pulses at 250 mJ (EWA250_1000). This gave fluences of 36±3, 54±5, 72±8 and 91±10 mJcm -2 , respectively for the different energies used. Throughout the whole area excimer experiments the repetition rate was kept constant at 25 Hz and Aerotech CNC programming ensured that the correct number of pulses was applied to each sample.
Topography, Wettability Characteristics and Surface Chemistry Analysis
After laser irradiation the nylon 6,6 samples were analysed using a number of techniques. The surface profiles were determined using a white light interferometer (WLI) (NewView 500; Zygo, Ltd) with MetroPro and TalyMap Gold Software. The WLI was set-up using a ×10 Mirau lens with a zoom of ×0.5 and working distance of 7.6 mm. This system also allowed Sa and Ra roughness parameters to be determined for each sample.
In accordance with the procedure detailed by Rance (8) the samples were ultrasonically cleaned in isoproponal (Fisher Scientific Ltd.) for 3 minutes at room temperature before using a sessile drop device to determine various wettability characteristics. This was to allow for a relatively clean surface prior to any θ measurements being taken. To ensure that the sample surfaces were dry a specimen dryer (Metaserv, Ltd.) was employed to blow ambient air across the samples. A sessile drop device (OCA20; Dataphysics Instruments, GmbH) was used with relevant software (SCA20; Dataphysics Intrsuments, GmbH) to allow the recent advancing and receding θ for triply distilled water and the recent advancing angle for diiodomethane to be determined for each sample.
Thereafter the advancing θ for the two liquids were used by the software to draw an OWRK plot to determine the surface energy of the samples. For the two reference liquids the SCA20 software used the Ström et al technique (triply distilled water -SFT(total:72.80), SFT(D:21.80), SFT(P:51.00); diiodomethane -SFT(total:50.80), SFT(D:50.80), SFT(P:0.00)) to calculate the surface energy of the material. It should be noted here that ten θ, using two droplets in each instance, were recorded to achieve a mean θ for each liquid and surface.
All samples were analysed using x-ray photoelectron spectroscopy (XPS). This allowed any surface modifications in terms of surface oxygen content due to the laser irradiation to be revealed. XPS measurements were performed on a photoelectron spectrometer (Axis Ultra DLD; Kratos Analytical Ltd., UK) employing monochromatic aluminium k-alpha radiation source, operating at 120 W power and an associated photon energy of 1486.6 eV. To test the reproducability of the surface, two sections of each sample were analysed; the analysis area on each sample was 700×300 microns. The spectrometer was run in its Hybrid mode and spectra were acquired at pass energies of 20 eV (for the high resolution scans) and 160 eV for the survey scans. All data was analysed through CasaXPS (v2.3.14) analysis software using sensitivity factors supplied by the instrument manufacturer.
Results and Discussion
Topography -CO 2 and KrF Excimer LaserInduced Patterning
A full detailed account of the topography modification for the CO 2 and KrF Excimer Laser-induced patterned samples can be found in (5) and (6), respectively.
It was deduced that the CO 2 laser-induced patterned samples had considerably rougher surfaces with the largest peak heights being of the order of 2 µm in contrast to the as-received sample which had peaks heights of up to 0.2 µm. On account of the increase in peak heights over the CO 2 laser-patterned samples the surface roughness (see Table 1 ) increased considerably with the largest Sa of 0.4 µm being achieved with the 50 µm hatch sample (CH50) and largest Ra of 0.2 µm for the 100 µm trench sample (CT100). It is given in Table 1 that the patterned samples with scan dimensions of 50 µm (samples CT50 and CH50) had larger Sa roughness values when compared to the samples patterned with 100 µm scan dimensions (samples CT100 and CH100). This can be attributed to the fact that the 50 µm scan dimensions irradiated more of the sample giving rise to an increase of mass being melted and re-solidified. Also, it can be seen from the Table 1 that the roughness for the hatch patterns had decreased in comparison to the trench patterns. This can be explained by the laser re-melting sections of the nylon 6,6 surface owed to the scanning process of the system. By re-melting these sections the material could then have re-solified into a smoother surface topography.
It was evident that the 50 µm patterns (CT50 and CH50) had the least periodicity, which can be attributed to the fact that the beam spot size was 95 µm and consequently allowed the scans to overlap and thus eliminate the natural periodicity of the original scanned pattern. This could also allow one to explain the surface Sa roughness increase as seen in Table 1 as the scanned 50 µm dimensioned patterns (samples CT50 and CH50) had up to a three times larger Sa value compared to the 100 µm scan dimensioned nylon 6,6 samples (samples CT100 and CH100). That is on account of significantly more melting and resolidifcation taking place, on account of the overlapping, a rougher surface could have resulted.
For the excimer laser-induced patterned samples the topography of the nylon 6,6 had been modified significantly when compared to the as-received sample. For the 50 µm dimensioned patterns (ET50 and EH50) trench depths of around 1 µm was obtained from the employed laser processing parameters. These constant laser processing parameters also gave rise to trench depths of roughly 4 to 5 µm for the 100 µm dimensioned patterned samples (ET100 and EH100). What is more, on account of the accuracy and precision of the excimer laser system implemented, the trenches produced in the nylon 6,6 materials were highly periodic. Table 2 gives the surface roughness values for each of the KrF excimer laser-induced patterned samples and shows that the surface roughness had dramatically increased for the excimer laser patterned samples with the largest increases being seen for the 100 µm dimensioned patterns (ET100 and EH100) which had an Sa of approximately 1.5 µm. This can be seen to be on account of the fact that the 100 µm dimensioned patterned samples gave rise to deeper trenches in comparison to the 50 µm dimensioned samples.
Topography -CO 2 and KrF Excimer Laser Whole Area Processing
A full detailed account of the topography modification for the CO 2 and KrF Excimer Laser-induced patterned samples can be found in (5) and (6), respectively. The CO 2 laser whole area irradiative processing of the nylon 6,6 gave rise to a significantly modified surface, especially with those samples which had been irradiated with large fluences (samples CWA102 and CWA128). This can be accounted for by more melting taking place arising from the significantly larger temperature rise owed to the large irradiances incident on the nylon 6,6 surfaces.
There was further evidence of considerable melting on account of one being able to identify craters left from evolved gases breaking at the surface. This is especially apparent for sample CWA102 and sample CWA128 which had larger incident fluences of 102 and 128 Jcm -2 . It should also be noted here that as the fluence used for samples CWA17 and CWA26 appeared experimentally to be close to that of the threshold, qualitatively there did not appear to be significant difference between the topographies observed for them and that of the as-received sample.
Through WLI it was found that the KrF excimer laser whole area irradiative processed samples appeared to have a similar topography to that of the as-received sample. This can be attributed to the fact that the whole sample was irradiated meaning that any ablation taking place would remove a somewhat uniform layer from the surface of the nylon 6,6. On the other hand, especially for the samples with low incident fluences, it may be possible that the material did not ablate on account of the threshold fluence not being achieved. As given in Table 1 , for all samples with the exception of whole area samples CWA17, CWA26 and CWA34 there was a significant increase in the surface roughness in comparison to the as-received sample (AR) which had a roughness of Sa, 0.1µm, and Ra, 0.03 µm. It should be noted that as a result of the fluences being close to that of the threshold which were used for samples CWA17, CWA26 and CWA34 the surface roughness results obtained for these samples can be seen to be equivalent to that of the asreceived sample (AR). On the other hand, it can be seen that the largest surface roughness arises from samples CWA102 and CWA128 with Sa of 4 and 3 µm, respectively.
On account of the KrF Excimer laser whole area processing the samples had roughnesses equivalent to that of the as-received sample (AR) which had an Sa of 0.126 µm and an Ra of 0.029 µm (see Table 2 ). This can be accounted for by the observation through the WLI which showed a negligible effect on the surface topography for these samples. This further confirms that the fluences implemented for these samples was not sufficient to elicit an ablative response from the nylon 6,6 samples. Having said that, it may still have been possible for surface chemistry changes to occur This is on account of the fact that directly after the irradiation of the samples using the KrF excimer laser, the samples were warm to the touch, with the warmest sample being WA250_1000 which had 1000 pulses and the highest fluence of 91 mJcm-2
Wettability -CO 2 and KrF Excimer Laser-Induced Patterning
Throughout this work it has been observed that CO 2 and KrF excimer laser-induced patterning of nylon 6,6 inherently gives rise to a significant increase in θ (see Table 1 and Table 2 ). This could be seen to be on account of the likelihood of a mixed-state wetting regime taking place along the liquid-surface interface (9, 10) . This is due to the fact that the periodic laserinduced surface would have given rise to a liquid droplet in an equilibrium state that cannot be explained through the Wenzel and Cassie-Baxter wetting regimes.
Current theory has not been corroborated with, in terms of the laser-induced patterning of nylon 6,6, insofar as the increase in Sa and Ra have not given rise to a reduction in θ. However, it has been seen that surface energy parameters may have a significant impact on the wetting nature of nylon 6,6 even if a wetting transition has taken place. Figure 1 and Figure  2 show the relationship between θ and γ P and γ T , respectively. From these graphs it is possible to identify that by collating all results for the patterning of nylon θ was a strong inverse function in correlation with γ P and γ T . On account of this, it is reasonable to say that for the patterned nylon 6,6 samples γ P and γ T were dominant parameters for determining the wettability. Surface roughness is another surface parameter which could have a significant impact upon the way in which a material wets. However, from Figure 3 it can be seen that the surface roughness in terms of Ra and Sa did not seem to have a dominant role in determining θ for the laser-induced patterned nylon 6,6 samples. This is due to θ being slightly erratic as the surface roughness increased. 
CO 2 and KrF Excimer Laser Whole Area Irradiative Processing
The work involving CO 2 and KrF excimer laser whole area irradiative processing has shown that the wettability characteristics of nylon 6,6 did tend to correspond with current theory in that θ decreased on account of an increase in surface roughness, increase in γ P , increase in γ T and increase in surface oxygen content. From Figure 4 it was found upon collating the results for all laser whole area irradiative processed nylon 6,6 samples that there was a strong inverse relationship between θ and γ P . In addition to this, it can also be seen from Figure 5 that γ T showed a similar correlation with θ. This further suggests that the surface energy parameters are the most dominant parameter in giving rise to θ. What is more, Figure 4 and Figure 5 indicate that it may be possible to use γ P and γ T to predict θ on account that they show reproducible results. That is, those samples which had similar values of either γ P or γ T gave rise to equivalent θ. As surface roughness had increased, it appeared that Sa and Ra may have a significant impact upon θ; however, it can be seen from Figure 6 that the surface roughness did not tend to have any particular correlation with θ. This is highly noteworthy as it allows one to further deduce that from the results of the laser whole area processed nylon 6,6 samples γ P and γ T were the most dominant parameter in determining θ. 
Comparisons Between Laser-Induced Patterning and Laser Whole Area Irradiative Processing
For all CO 2 and KrF excimer laser-induced patterning of nylon 6,6 the surface oxygen content had increased which can be attributed to oxidation of the surface during the laser processing. It is reasonable to conclude from the results shown in Table 1 and Table 2 that surface oxygen content in this instance was not a main driving parameter which accounts for the measured θ. This is owed to variations in θ between the laserinduced patterned and laser whole area irradiative processed samples.
When compared to one another it was found that all laser-induced surface patterning elicited an increase in θ; whereas the laser whole area irraditative processing of the nylon 6,6 gave rise to a more hydrophilic surface in which θ decreased. In order to explain the increase in θ for the laser-induced patterned samples a mixedstate wetting regime is proposed in which both CassieBaxter and Wenzel regimes occur along the interface once the droplet is in equilibrium. Thus the mixed-state wetting regime is believed to arise from the rough periodic patterns induced by the laser processing, allowing one to infer that the periodic topographical patterns have a dominant role in the determination of θ.
Having said that, upon collating the results from all studied samples it is possible to see from Figure 7 that γ P is highly correlated with θ, such that an increase in γ P gave rise to a reduction in θ regardless of the topography or surface modification technique implemented. In addition to this, Figure 8 shows that θ was also an inverse function of γ T in a similar manner to that seen with γ P . This is highly significant as this shows that the surface energy parameters are one of the most dominant parameters in determining the wetting nature of laser-modified nylon 6,6. In order to confirm that the surface energy parameters were the most dominant in terms of the wettability characteristics of nylon 6,6, Figure 9 shows that surface roughness in regards to Ra and Sa did not have a good correlation with θ. This could be on account of these results including both laser-induced patterning and laser whole area irradiative processing results in which a transition in wetting regime has been proposed to account for the differences in measured θ. As a result of this, it can be said that from the evidence presented here the surface energy parameters; namely γ P and γ T are the central factor which govern the wetting nature of nylon 6,6, irrespective of the surface modification used or arising wetting regime. 
Conclusions
By implementing two different laser types, namely CO2 and KrF excimer lasers, it has been determined that both the surface of nylon 6,6 can be greatly modified. All of the laser processing techniques implemented, with the exception of the KrF excimer laser whole area irradiative processing, lead to a significant increase in Ra and Sa for the nylon 6,6 samples. The exception of the KrF excimer laser whole area irradiative process samples can be explained by the fact that most of the samples had an incident fluence below that of the threshold fluence. Then, for those samples with incident fluences just above the threshold only limited melting would have taken place due to the fluences being relatively small, especially when compared to the fluence used for the laserinduced patterning.
As a result of the surface modifications that had taken place it was also seen that the surface energy, γ T , and its components, namely γ P , had been modulated to a great extent. This, along with the other surface modifications that had taken place gives further evidence as to the attractive means of using laser technology to manipulate both the surface topography and surface chemistry of nylon 6,6 simultaneously. What is more, it is highly likely that other polymeric materials could be modified in a similar manner and that laser technology could very well be applied to a number of applications which requires the surface modification of polymers.
With the effects on the surface topography and surface chemistry being observed it was further seen that these surface modifications had a large impact upon the wettability of the nylon 6,6. It was found that there was differing resulting θ for the two different processing techniques implemented; laser-induced patterning and laser whole area irradiative processing. That is, for the laser-induced patterned samples there was a significant increase in θ compared to the as-received sample which can be attributed to a mixed-state wetting regime arising from the rough periodic laser-induced pattern.
It has also been determined that there was a very strong relationship between θ, γ P and γ T . Since, θ was found to be a strong correlative decreasing function of both γ P and γ T which identified that the surface energy played a major role in the determination of the wettability of nylon 6, 6 . With this in mind, it is reasonable to say that this result allows one to realize that the wettability of laser-modified nylon 6,6 could be predicted by knowing the surface energy and its components.
As a result of the laser surface treatment and arising surface modifications it has been seen that the wettability characteristics of nylon 6,6 can be significantly modulated. Leading on form this, it has also been determined that a number of parameters, namely γP and γT, can be implemented to predict the wettability nature of laser surface treated nylon 6,6. With this in mind, it has been further evidenced that lasers offer an attractive means to surface treat nylon 6,6 in order to modulate the wettability characteristics.
